INTRODUCTION
Alcohol, heroin, opiate, and methamphetamine dependence (AD, HD, OD, and MD, respectively) are chronic, relapsing disorders characterized by compulsive seeking, abuse, tolerance, and physical dependence on the substance in question despite adverse social, personal, and legal consequences. The cost of drug abuse has grown to approximately one trillion dollars per year in the United States (Califano, 2007) . Family, twin, and adoption studies have shown that genetic factors have an important role in the etiologies of AD and drug dependence, and these disorders share common genetic risk to some extent (Fu et al, 2002; True et al, 1999; Xian et al, 2008) . Variation in the function of the gamma-aminobutyric acid (GABA) receptor subunit genes is hypothesized to have a role in developing the disorders (Addolorato et al, 2012; Davis and Wu, 2001 ). GABA is the major inhibitory neurotransmitter in mammalian brain, where it acts at GABA A receptors, which are ligand-gated multisubunit chloride channels. The GABA A receptors are targets for many clinically important drugs, such as the benzodiazepines, general anesthetics, and barbiturates. At least 16 distinct subunits of GABA A receptors have been identified. Functional receptors are pentameric, consisting of protein products of several subunit classes: alpha, beta, gamma, delta, and rho. The genes encoding these proteins are organized chromosomally in clusters, including the gene cluster GABRB2, GABRA6, GABRA1, and GABRG2 on chromosome 5q and the gene cluster GABRG1, GABRA2, GABRA4, and GABRB1 on chromosome 4p12 (McLean et al, 1995; Reich et al, 1998) .
Ethanol acts by binding and altering membrane-bound ligand-gated and voltage-dependent ion channels (Davies, 2003) . The GABA A receptor subunits form pentameric receptor, which is most commonly observed in the postsynaptic cell membrane of the mammalian brain, and it allows passage for chloride ions in the center of the pentamer and binding sites for GABA and modulatory drugs. Ethanol is believed to affect GABA A receptors and their subunit composition. Alterations in the GABA A receptor subunits are responsible for GABAergic signaling changes, which are ultimately associated with chronic alcohol use (Weiner and Valenzuela, 2006) . Specifically, the mesolimbic GABAergic neurons act as inhibitory regulators of dopamine (DA) neurons in the ventral tegmental area (VTA) of the brain. However, in the presence of addictive drugs, mesolimbic dopaminergic neurons are activated. For example, cannabinoids in GABAergic neurons cause disinhibition (ie, activation) of DA neurons and eventually lead to increased DA levels in the VTA region (Luscher and Malenka, 2011) . Similar to the mechanism of action of opioids, alcohol inhibits GABAergic transmission in the VTA by promoting GABA A receptor function and hence leads to activation of mesolimbic DA neurons (Nestler, 2005) .
Chromosome 5 GABA A Receptor Gene Cluster
Four genes, encoding b2, a6, a1, and g2 subunits of the GABA A receptor, form a GABA gene cluster on chromosome 5. The GABRB2 gene, encoding the b2 subunit and spanning 259 694 base pairs (bp), is located on 5q34. This receptor mediates the fastest known inhibitory synaptic transmission in the central nervous system. The marker rs2229944 is a synonymous single-nucleotide polymorphism (SNP) in exon 10 of this gene. The GABRA6 gene, spanning 16 940 bp, is also located on 5q34. The frequently analyzed SNP rs3219151 is in the 3 0 untranslated region (UTR). The GABRA1 gene of 52 kilo-bp (kbp) is on 5q34-q35 where SNP rs2279020 is located in intron 10. Mutations in this gene can cause juvenile myoclonic epilepsy and childhood absence epilepsy type 4 (Cossette et al, 2002) . The GABRG2 gene, covering 87 897 bp, is at 5q31.1-q33.1 and two SNPs that we will consider, rs211014 and rs211013, map to intron 8. This gene has also been associated with epilepsy and febrile seizures (Kang et al, 2009) . Linkage and association studies have reported, for example, that the 5q34 GABA A receptor genes were involved in AD risk in Finns (Radel et al, 2005) , and the 5q33 GABA A receptor genes were associated with HD in Chinese subjects (Loh et al, 2007) .
Chromosome 4 GABA A Receptor Gene Cluster
Another GABA gene cluster consisting of GABRG1, GABRA2, GABRA4, and GABRB1 is located on chromosome 4p12, spanning approximately 1302 kbp. The 140-kbp GABRA2 gene encodes the alpha 2 subunit of the GABA A receptor. Variation in GABRA2 was associated with AD and with brain oscillations (Edenberg et al, 2004) . Two synonymous SNPs, rs279858 in exon 5 and rs567926 in the 3 0 UTR, have been studied most often.
The two gene clusters are parts of the numerous subunit isoforms of the GABA A receptors, which differ in agonist affinity, likelihood of opening, conductance, and other properties (Cossart et al, 2005) . They are also members of the large 'Cys-loop' super family of structurally similar and evolutionarily related ligand-gated ion channels that also include nicotinic acetylcholine receptors, glycine receptors, and the serotonin-3 (5HT3) receptor. These clusters are paralogous (Ensembl release 70). Figure 1 shows the schematic structures of the eight chromosome 5 and 4 cluster genes, including the five genes and seven SNPs metaanalyzed in this study. Among the eight cluster genes, only five genes were studied in this meta-analysis because the data were insufficient for meta-analysis for the other three genes. Supplementary Table 1 summarizes the human medical diseases and traits that have been reported to be associated with these genes.
To reconcile conflicting findings obtained by independent research groups in genetic association studies and to elucidate the genetic relationship with substance dependence traits, the current meta-analysis compiled the available genotype data for each of seven SNPs (GABRA1 rs2279020, GABRA2 rs567926 and rs279858, GABRA6 rs3219151, GABRB2 rs2229944, and GABRG2 rs211014 and rs211013). AD and drug dependence were first analyzed separately, and then combined (to consider shared genetic risks mapped to these elements of the GABA neurotransmission system). In addition, we combined the genotype data sets from candidate gene-based studies with genotype information for the same candidate loci extracted from two genome-wide association studies (GWASs), including 1691 cases (AD) and 1712 controls from the Study of Addiction: Genetics and Environment (SAGE), and 2644 cases (AD) and 494 screened controls from our own GWAS.
MATERIALS AND METHODS

Our Data
Subjects were recruited at five US clinical sites: Yale University School of Medicine, the University of Connecticut Health Center, the University of Pennsylvania Perelman School of Medicine, the Medical University of South Carolina, and McLean Hospital. All subjects were interviewed using the Semi-Structured Assessment for Drug Dependence and Alcoholism (Gelernter et al, 2005; PierucciLagha et al, 2007) to derive diagnoses of lifetime AD, CD, OD, MD, and other major psychiatric traits according to the Diagnostic and Statistical Manual of Mental Disorders, 4th edition (DSM-IV) criteria (American Psychiatric Associaton, 1994) . Samples were genotyped on the Illumina HumanOmni1-Quad v1.0 microarray (Illumina, San Diego, CA). Only unrelated individuals (AD cases and screened controls) were analyzed in this meta-analysis. Details regarding the sample and quality control can be found in our recent paper (Gelernter et al, 2013) .
SAGE Data
SAGE samples were genotyped on the Illumina Human1M array, including individuals from the Collaborative Study on the Genetics of Alcoholism (Edenberg, 2002) , the Family Study of Cocaine Dependence (Bierut et al, 2008) , and the Collaborative Genetic Study of Nicotine Dependence (Bierut, 2007) . More details regarding the sample and quality control can be found at the dbGap (http:// www.ncbi.nlm.nih.gov/projects/gap/cgi-bin/study.cgi?study_ id=phs000092.v1.p1).
Literature Search
The candidate gene-based association studies included in the meta-analysis were selected from PubMed and from the database of Chinese Academic Journals with keywords 'GABA receptor', 'GABR', 'gamma-aminobutyric acid', 'association', 'associated', 'drug', 'substance', 'alcoholism', 'alcohol', 'alcoholics', 'heroin', 'cocaine', 'opiate', 'opioid', 'methamphetamine', 'methadone', 'morphine', 'opium' and the specific aliases or abbreviations for the genes. All references cited in these studies and in published reviews were examined in order to identify additional works not indexed by the databases. The analyzed data cover all identified English publications up to January 2012 (for the candidate gene-based association studies).
Inclusion Criteria
Eligible studies had to meet all of the following criteria: they had to (i) be published in peer-reviewed journals and contain original and independent data; (ii) present sufficient data to calculate the odds ratio (OR) with confidence interval (CI) and P-value; (iii) be association studies investigating one or more of the seven SNPs named above using either case-control or family-based approaches; (iv) describe or reference the genotyping primers and protocols used; (v) investigate one or more of the following: AD, cocaine, HD, and MD (abuse); and (vi) use random population or healthy individuals as controls in casecontrol studies. Authors were contacted in cases where we determined it would be useful to have additional information regarding their studies. The procedure of 'extendedquality score' (Li et al, 2006) was applied to assist in the assessment of quality of the individual association studies.
SNP Selection
Among all the eligible candidate gene association studies of substance use disorders that meet all of the above criteria, seven SNPs were selected for the meta-analysis. No other SNPs were identified with sufficient sample size or statistical power to permit meta-analysis. Of the seven SNPs, none are known to be functional or represent the full range of genetic diversity for each of the genes (one or two SNPs per gene) except that GABRA2 rs279858 is a tag SNP for the risk-resilience haplotypes. A summary of the seven SNPs and related studies is shown in Supplementary Table 2.
Statistical Analyses
Studies were divided according to the populations studied-European, Asian, African, or American-Indian ancestries. When a study contained data from multiple populations, each was considered effectively as an independent study. Data from the case-control studies were summarized by two-by-two tables. From each table, a log-OR and its sampling variance were calculated (Li et al, 2006) . The Cochran's w 2 -based Q statistic test was computed in order to assess heterogeneity to ensure that each group of studies was suitable for meta-analysis. Where heterogeneity was found, the random effects model, which yields a wider CI, was adopted. The Egger's funnel plot asymmetry (Egger et al, 1997) , which uses a linear regression approach to measure funnel plot asymmetry on the natural logarithm of the OR, was applied to assess evidence for publication bias. The larger the deviation of each study from the funnel curve, the more pronounced the asymmetry. Results from small studies scatter widely at the bottom of the plot, with the spread narrowing among larger studies. The significance of the intercept was evaluated using the T-test. In addition, the procedure of Duval and Tweedie's Trim and Fill (Duval and Tweedie, 2000) was used to impute the potentially missing studies. Then, the procedure adds estimates for these missing studies to the meta-analysis, and then recomputes the adjusted overall effect size.
ORs were pooled using the method of DerSimonian and Laird (1986) , and 95% CIs were constructed using the method of Woolf (1955) . The significance of the overall OR was determined using the Z-test. To measure sensitivity of our analysis results, each study was removed in turn from the total, and the remainder then reanalyzed. This procedure was applied to ensure that no individual study was entirely responsible for the combined results. In addition, different combinations of populations and traits (AD, OD, and MD) were also analyzed if possible. Genotypic analyses were performed using both dominant and recessive models. Retrospective analysis was carried out to understand better the potential effect of year of publication upon the results. The type I error rate was set at 0.05. The tests were two-tailed. To evaluate the linkage disequilibrium (LD) of the known SNPs, haplotype construction was performed using the HapMap samples on Haploview software (Barrett et al, 2005) , as detailed in our previous study (Li et al, 2011) . The additional genotype data from SAGE and our own samples were analyzed using the same approaches, and then combined for meta-analysis. We evaluated possible functional effects of each SNP using FuncPred (http://snpinfo.-niehs.nih.gov/snpinfo/snpfunc.htm).
RESULTS
The combined search of candidate gene-based association studies yielded 388 references. After discarding overlapping references and those that clearly did not meet the stated criteria, 33 studies remained. These studies were then filtered to ensure conformity with the inclusion criteria. One study (Lind et al, 2008) was excluded because it investigated families comprised of monozygotic and dizygotic twin pairs; one study (Khan et al, 2009 ) was excluded because the definition of alcoholism was based on alcohol consumption only; and four studies (Agrawal et al, 2006; Dick et al, 2005 Dick et al, , 2006 Edenberg et al, 2004) were excluded because the data were not made available after we contacted the authors to request access to the data. In the end, 27 studies (Chang et al, 2002; Covault et al, 2004 Covault et al, , 2008 Enoch et al, 2009; Fehr et al, 2006; Foley et al, 2004; Han et al, 2008; Hsu et al, 1998; Lappalainen et al, 2005; Li et al, 2002; Lin et al, 2003; Loh et al, 1999 Loh et al, , 2000 Loh et al, , 2007 Lydall et al, 2011; Nishiyama et al, 2005; Onori et al, 2010; Park et al, 2006; Sander et al, 1999; Soyka et al, 2008 ) met our criteria for inclusion (Supplementary Table 3 ). These studies included a total of 4739 cases (AD, HD, or MD) and 4924 controls.
LD and Haplotype Structure Analyses
Based on the LD plots for European population, each gene can be roughly assigned an independent LD structure ( Supplementary Figures 1 and 2) ; in some cases LD extends across more than one gene. GABRG2 rs211014 and rs211013 are within a haplotype block, which spans approximately half of the gene. One non-synonymous coding SNP, rs17855003, which is very close to rs211014 and rs211013, also maps within the same block. GABRA6 rs3219151 is in a very large haplotype block flanked by GABRB2. This strong LD block contains three other non-synonymous SNPs including GABRA6 rs3811993, rs34907804, and GABRB2 rs2229945 (Supplementary Figure 1) . GABRA2 rs567926 and rs279858 also share a very strong LD block with three other non-synonymous SNPs rs519972, rs41310789, and rs17852044 (rs519972: benign (Sunyaev et al, 2001; Xu and Taylor, 2009) ; rs41310789: exonic splicing enhancers or silencers (Xu and Taylor, 2009 ); and rs17852044: possibly damaging (Sunyaev et al, 2001; Xu and Taylor, 2009 ) based on bioinformatics prediction), and the LD structure contains only a single haplotype block ( Supplementary  Figure 2) . Compared with the European LD plots, the Asian plots ( Supplementary Figures 3 and 4) showed same results with consistent haplotype structure but stronger LD. We previously analyzed the region of GABRA2 through GABRG1 using our own samples of six different populations: European American, African American, Chinese American, and Asian (ie, Thai, Chinese Thai, and Hmong). A 280-kbp region of considerably higher LD spanned the intergenic region in Hmong while two or more LD blocks were observed in other populations (Ittiwut et al, 2008) . The strong LD between these SNPs may raise the possibility that an association is driven in part by variants in the adjacent locus (Gelernter and Kranzler, 2009 ). For instance, markers in the 3' region of GABRA2 are in LD with markers at the adjacent GABRG1 Ittiwut et al, 2008) . It is possible that the association identified in GABRA2 has a component because of LD with GABRG1, with risk loci in both genes Enoch et al, 2009) . In this meta-analysis, we analyzed all the functional receptor genes with available genotype data sets sufficient for metaanalyses (GABRB2, GABRA6, GABRA1, and GABRG2 on chromosome 5q and GABRA2 on chromosome 4p12). The results for each gene and polymorphism are detailed below.
GABRG2 rs211014
The frequencies of the risk allele (C) were 50% (47-51%) in Asian control populations and 55% (53-56%) in affected subjects. All studies showed higher frequencies in cases than in controls. The combined studies of AD, HD, and MD produced an overall P-value of 0.0005 with OR 1.22 (1.09, 1.37; Table 1 and Supplementary Table 4 ). There was no evidence for heterogeneity among studies (P40.05) and no evidence for publication bias (P40.05). Furthermore, the studies of HD and MD also showed strong association with P ¼ 0.0088 (OR ¼ 1.22 (1.05, 1.41)). Evidence of association was also found in the studies of AD (P ¼ 0.02, OR ¼ 1.24 (1.03, 1.48)). The significant results were also consistent in the genotypic analyses; the dominant model ((CC þ CA) vs AA; P ¼ 0.0007 and OR ¼ 1.39 (1.15, 1.69)) showed more statistical significance than the recessive model (CC vs (CA þ AA); P ¼ 0.02, OR ¼ 1.23 (1.03, 1.48)). The subgrouped studies of AD and those of HD and MD also showed significant association with P-values of 0.01 and 0.02, respectively ( 
GABRG2 rs211013
The frequencies of the risk allele (A) were 49% (46-55%) in European control populations and 52% (45-55%) in affected subjects, but lower and more variable across Asian populations, both control 32% (27-48%) and affected, 35% (25-49%). Of 13 studies included, 8 studies showed significantly higher frequency in cases than in controls and 2 studies showed no significant difference. Under the dominant model ((AA þ AG) vs GG), the combined studies (AD, HD, or MD) produced a significant overall P-value of 0.016 with OR 1.21 (1.03, 1.41; Table 1 ). There was no evidence for heterogeneity among studies, or of publication bias. The association was also found in the combined Asian studies with P ¼ 0.02 (OR ¼ 1.24 (1.03, 1.48) ). The studies of HD and MD also showed association with P ¼ 0.028 (OR ¼ 1.29 (1.03, 1.61)). However, there was no significant association in the allelic analysis (P ¼ 0.06) or under the recessive model (Supplementary Table 4 ).
GABRA6 rs3219151
The frequencies of the risk allele (T) were 50% (44-56%) in European control populations and 56% (43-65%) in affected, with lower frequencies in both Asian control populations 30% (23-34%) and affected, 32% (25-44%). Of 10 studies included, 5 showed higher frequency in cases than in controls. There was evidence of heterogeneity between studies when all the studies were combined, and no significant association was found when the random effects model was applied, although the fixed effects model produced a P ¼ 0.036. However, there was evidence of association in the combined studies of AD with P ¼ 4 Â 10 À 5 (OR ¼ 1.34 (1.17, 1.54)); no significant heterogeneity was found. A similarly strong association was also detected under the dominant model (Table 1) .
GABRA1 rs2279020 and GABRB2 rs2229944
The frequency of the A allele of GABRA1 rs2279020 varied across Asian control populations 46% (40-51%) and it was unequivocally the major allele in European samples (66%). Of seven studies included, four showed lower frequency in cases than in controls, and one showed no significant difference. The random effects model was applied because of weak heterogeneity. There was no evidence of significant association based on any data set in either allelic or genotypic analysis (Supplementary Table 4 ). The frequency of the T allele of GABRB2 rs2229944 was low across the Asian control populations 4% (3-6%), and slightly higher in Europeans 8% (4-15%). Of nine studies included, six showed lower frequency in cases than in controls. The random effects model was also applied, and there was no evidence of significant association except in the combined studies of AD (eg, P ¼ 0.029 (OR ¼ 0.69 (0.5, 0.96); Supplementary Table 4).
GABRA2 rs567926
The frequencies of the risk allele (C) were 38% (34-42%) in European control populations and 44% (39-50%) in affected, whereas it was 36% and 41% in African Americans, respectively (Supplementary Figure 5) . All studies showed higher frequency in cases than in controls. The combined studies produced a strong overall P-value of 2 Â 10 À 6 with OR 1.27 (1.15, 1.4; Table 1 ). The dominant and recessive models also showed evidence of association with P-values of 0.001 and 0.0004; ORs of 1.33 (1.12, 1.57) and 1.32 (1.13, 1.54), respectively (Table 1) . No evidence was found for heterogeneity or publication bias.
GABRA2 rs279858
Consistent with the strong LD observed between these loci, the association identified for GABRA2 rs279858 was similar to that seen with GABRA2 rs567926. The frequencies of the risk allele (G) were 41% (34-59%) and 46% (41-63%) in European control and affected populations, respectively, and the eight studies included all showed higher frequency in cases than in controls (Supplementary Figure 6) . However, the study investigating African American (58% in controls and 29% in cases) and that of plains Indian (36.2% in controls and 35.9% in cases) showed association in the opposite direction. The combined European subjects showed a strong overall P-value of 4 Â 10 À 5 with OR 1.21 (1.1, 1.32; Table 1 ). Evidence of association was also found under the dominant and recessive models with P-values ¼ 6 Â 10 À 5 and 0.032 and ORs ¼ 1.35 (1.17, 1.57) and 1.23 (1.02, 1.48), respectively ( Table 1) .
The association findings reflect the LD blocks and structures described above. This supports the conclusion that it is necessary to investigate these non-synonymous SNPs with cognizance of the LD plots (such as those listed in Supplementary Table 5) , as it is possible that any of the associations is due to LD with an unobserved functional SNP. Demographic information for the included studies is shown in Supplementary Table 3 . The results for all of the combined studies and subgrouped studies are shown in Table 1 and Supplementary Table 4 for both allelic and genotypic analyses. Forest plots are shown in Figure 2 .
Publication Bias Analyses
No evidence of significant publication bias was found using the Egger's regression test with regard to any of the SNPs. However, the analysis of Duval and Tweedie's trim and fill showed that for the allelic analysis of GABRG2 rs211013 (Supplementary Figure 7) , there might potentially be five missing studies, and the adjusted overall OR was 1.17 (1.06, 1.28), larger than the corresponding observed OR of 1.11 (0.99, 1.23) . For the recessive model ( Supplementary  Figure 8) , the analysis predicts that there are about four missing studies, and the adjusted results showed a larger effect size, OR ¼ 1.32 (1.15, 1.52) (compared with observed OR ¼ 1.21 (1.03, 1.41). That is, the imputed missing studies revealed consistent association. The results are consistent with trend toward stronger association if larger samples are included. The same pattern was found in the allelic analysis of GABRG2 rs211014 (Supplementary Figure 9) . The classic fail-safe analysis showed that for GABRG2 rs211014, 16, 16, and 3 assumed studies could bring the overall P-value to40.05 for the allelic analysis, dominant model, and recessive model, respectively. For GABRA2 rs567926, 34, 18, and 11 assumed studies could bring the overall P-value to40.05 for the allelic analysis, dominant model, and recessive model, respectively. For GABRA2 rs279858, 29, 21, and 3 assumed insignificant studies could bring the P-value (European population) to 40.05 for the allelic analysis, dominant model, and recessive model, respectively. The results consistently supported the significant associations detected in the meta-analysis. Supplementary figures show the funnel plots for the allelic and genotypic analyses of GABRG2 rs211013 (Supplementary Figures 7 and 8 ) and rs211014 ( Supplementary Figures 9 and 10 ), GABRA6 rs3219151 (Supplementary Figure 11) , GABRA2 rs567926 (Supplementary Figure 12) , and rs279858 ( Supplementary  Figure 13) , respectively. Supplementary Figures 7-9 clearly indicate the changes between the observed and adjusted values of effect size described above.
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Sensitivity and Retrospective Analyses
The results for GABRG2 rs211014, GABRA6 rs3219151, and GABRA2 rs567926 and rs279858 were consistent (and showed associations), and were not changed substantially by the removal of any data set. The P-values were never 40.005, 40.037, 40.025, or 40.0015, respectively, in either allelic or genotypic analysis (Supplementary Table 6 ). However, for GABRG2 rs211013, one of the P-values became insignificant (P ¼ 0.067) when the study by Sander et al (1999) was removed. Retrospective analysis showed that the cumulative results tended to be stable for each SNP, but more studies are needed. The results of the allelic analysis of GABRA2 rs279858 are shown in Figure 3 . The results for other significant SNPs are shown in Supplementary Figures  14-19 .
The SAGE Data
The SAGE data sets were analyzed separately, and then combined with the above candidate gene-based studies for meta-analyses. The GABRA2 rs279858 association was replicated using 1114 cases and 1282 controls of European Americans (P ¼ 0.029) as well as 577 cases and 430 controls of African Americans (P ¼ 0.027), and the combined P-value was 9 Â 10 À 6 (OR ¼ 1.17 (1.09, 1.26)) in the European ancestry populations (Table 1) . GABRG2 rs211014 showed evidence of association with a combined P ¼ 0.0035 and OR ¼ 1.25 (1.08, 1.45) in all these studies under the dominant model; and GABRA6 rs3219151 revealed evidence of weak association in the studies of AD (including the SAGE data) with a combined P ¼ 0.03 and OR ¼ 1.18 (1.02, 1.37).
Our Data
Our samples showed no evidence of significant associations individually, however, significant associations were observed when all of the data sets were combined in metaanalyses. For example, for GABRA2 rs567926, the P-values were 7 Â 10 À 5 (OR ¼ 1.18 (1.09, 1.29)) in all the studies, and 8 Â 10 À 6 (OR ¼ 1.25 (1.13, 1.38)) in Europeans; for GABRA2 rs279858, the P-value was 5 Â 10 À 6 (OR ¼ 1.18 (1.1, 1.26)) in Europeans; and for GABRG2 rs211014 the P-value was 0.017 (OR ¼ 1.13 (1.02, 1.25)).
Bioinformatics Predictions of SNP Functions
The bioinformatics analyses of SNP function prediction showed that GABRG2 rs211013 might disrupt splicing activity and cause alternative splicing, and its alternative allele might affect splicing; and GABRA6 rs3219151 might affect microRNA-binding site activity. None of the other five SNPs studied were predicted to have direct functional consequences. Using the non-coding data from the EN-CODE project, two (CIZ and Hbp1) and three motifs (Elf3, KAISO, and FEV), and four (H3k09me3, H3k9me3, H2az, and H3k27me3) and two histone marks (H3k09me3 and H3k9me3) were found for GABRA2 rs279858 and GABRG2 rs211013, respectively (Boyle et al, 2012) .
DISCUSSION
On chromosome 5q, three of the five SNPs studied, including GABRG2 rs211013 and rs211014, and GABRA6 rs3219151, were found to be associated with AD, HD, and/or MD based on the combined data sets from the included candidate gene-based association studies in this metaanalysis. Rs211014 and rs211013 are in intron 8 of GABRG2. The SNP rs3219151 is located in the 3 0 UTR of GABRA6. On chromosome 4p12, both of the two SNPs studied, GABRA2 rs567926 and rs279858, were found to be associated with AD. A recent study (Olfson and Bierut, 2012 ) also found association of GABRA2 rs279858 with AD based on the SAGE samples (P ¼ 0.0052 and OR ¼ 1.16 (1.05, 1.28)). Zintzaras (2012) also observed an association of GABRA2 with alcoholism with marginal significance for GABRA2 rs279858 (OR ¼ 1.27 (1.01-1.60)) and rs567926 (OR ¼ 1.24 (1.06-1.46)). Our meta-analysis combined a larger number of the existing data sets, including the SAGE data sets and our GWAS data sets, to achieve higher statistical power (this meta-analysis was expected to cover the majority of the sample genotypes and SNPs reported in the (Zintzaras, 2012) paper. For instance, when all the data sets were combined, associations of both GABRA2 SNPs were observed (for rs567926, P ¼ 7 Â 10 À 5 (OR ¼ 1.18 (1.09, 1.29)) in all the studies, and P ¼ 8 Â 10 À 6 (OR ¼ 1.25 (1.13, 1.38)) in Europeans; for rs279858, P ¼ 5 Â 10 À 6 (OR ¼ 1.18 (1.1, 1.26)) in Europeans). Rs279858 is a synonymous SNP in exon 5 of GABRA2 while rs567926 is near its 3 0 UTR. The SNPs mapped to 3 0 UTRs may conceivably be functionally important, by, for example, altering the microRNA binding, and this regulating the mRNA stability and gene translation. The synonymous and intronic SNPs are presumably in LD with non-synonymous or regulatory polymorphisms that could alter the gene expression, or they could themselves also be functional. These SNPs might also be in LD with functional variants in other genes mapped within the GABA receptor gene clusters.
Inconsistency among the individual association studies included here prompted us to examine the reported associations in an attempt to understand better the roles of these gene clusters in AD and drug dependence. There are three leading possible explanations for the discrepant results. The first is differences in diagnostic classification and in ascertainment of the cases. Some studies applied DSM criteria to diagnose the disorders whereas others used ICD-10 criteria. Then, different studies reflect association with non-identical phenotypes that are subtly, or even substantively, different. The second is that a case-control design used in an individual study might give rise to spurious association if the populations from which the patient and control samples were drawn differed in allele frequency, that is, population stratification (Pritchard et al, 2000) . Third, sample size and statistical power varied among the individual studies, and there was the expectation of random variation.
The genetic contribution to vulnerability to develop alcohol or drug dependence has generally been estimated in the range 40-70%, depending on the substance, consistent with complex inheritance in which multiple genes exert a small effect of vulnerability or protection, A genetic meta-analysis D Li et al along with the environment (Frank et al, 2012; Gelernter and Kranzler, 2009; Goldman et al, 2005; Heath et al, 2011; Kendler et al, 2007; Wang et al, 2013) . By analyzing potential associations between specific alleles and multiple substance phenotypes, our analyses may represent a necessary step toward identifying the effects of phenotypeinfluencing genes with improved certainty. The significantly associated SNPs identified in this study may be worthwhile for further replication. For instance, Bauer et al (2007) reported that the GABRA2 variant deserves careful clinical consideration, as the high-risk allele may respond better to certain medications to treat AD, like acamprosate or naltrexone, but not others, whereas the low-risk allele shows more variability in drinking behavior. Similarly, the other GABA A receptor subunit genes may have a comparably important role in differentiating responses to medications, underscoring the clinical importance of the variants in these genes. The limitations of this study included the fact that only seven SNPs were selected for meta-analysis because no other SNPs were found to be likely to provide sufficient sample size or statistical power for meta-analysis based on the available candidate gene-based association studies of substance use disorders. Some relevant studies (Agrawal et al, 2006; Dick et al, 2005 Dick et al, , 2006 Edenberg et al, 2004) were not included because of data availability. Moreover, although other GABA receptor genes have been proposed to be associated with drug or AD, there were not sufficient published data on them for meta-analysis. For example, we only analyzed the GABRA2 gene on chromosome 4p12, but not its adjacent gene, GABRG1, because of insufficient genetic data available for a meta-analysis although GABRG1 has also been reported to be associated to AD Edenberg et al, 2004; Enoch et al, 2009; Ittiwut et al, 2012) . In addition, in this meta-analysis most original association studies had no information on comorbidity in their research subjects, which made it impossible for us to address some other interesting issues, such as whether an observed association with one substance might be driven by another. Further studies of the full range of genetic diversity are warranted for these genes.
Quantitative measurements may be useful for higher statistical power. Association studies can result in either false-negative or false-positive findings because of limited sample size and population stratification bias. Control samples need to be well characterized and matched for population. Interaction effects of genetic variants could obscure single-variant effects, and could cause some of the inconsistent findings among studies that examined each individual marker independently. Future studies should strive to examine joint and interactive effects of the identified variants. Studies that investigate the familial transmission using transmission disequilibrium test in large samples may further help to clarify the role of these SNPs.
In summary, we performed a meta-analysis based on published candidate gene association studies of five GABA receptor genes (GABRB2, GABRA6, GABRA1, and GABRG2 on chromosome 5q and GABRA2 on 4p12) with AD, HD, and/or MD. Strong evidence of associations was found between GABRA2 and AD (P-values ¼ 9 Â 10 À 6 and 4 Â 10 À 5 for rs567926 and rs279858, respectively), between GABRG2 and dependence on alcohol and heroin (P ¼ 0. 0005 for rs211014), and between GABRA6 and AD (P ¼ 0.0002 for rs3219151) based on all of the combined candidate gene-based studies. When all of these existing data sets, including those from SAGE and our GWAS, were combined, the GABRA2 associations were also observed (for rs567926, P ¼ 7 Â 10 À 5 (OR ¼ 1.18 (1.09, 1.29)) in all the studies, and P ¼ 8 Â 10 À 6 (OR ¼ 1.25 (1.13, 1.38)) in Europeans; for rs279858, P ¼ 5 Â 10 À 6 (OR ¼ 1.18 (1.1, 1.26)) in Europeans). The selected threshold of Bonferroni correction for multiple testing was 0.007 (it was 0.0035 considering the dominant and recessive models; however, the two models were not independent, and therefore, 0.0035 was thought to be too stringent). The statistical power analysis showed acceptable or high power, considering the observed allele frequencies (0.35-0.37) and ORs (around 1.2) of GABRA2 rs567926 and rs279858 (Supplementary Table 7 ). To our knowledge, this is the first meta-analysis between these GABA receptor genes and drug dependence. The results support the involvement of the brain GABA receptor gene, GABRA2, in the pathogenesis of AD. Further replications with larger samples are warranted.
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